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Olfactory Functions Are Mediated
by Parallel and Hierarchical Processing
intriguing question (Powell et al., 1965; Costanzo and
Graziadei, 1997).
After entering the cranial cavity, the olfactory nerve
Ivanka Savic,*²k Balazs Gulyas,*
Maria Larsson,³§ and Per Roland*
*Division of Human Brain Research
Department of Neuroscience fibers connect to mitral and tufted cells of the olfactory
bulb, which via the olfactory tract and tubercle projects²Department of Neurology
³Department of Clinical Neuroscience (Neurotech) to the olfactory cortex (Powell et al., 1965). The olfactory
cortex in higher mammals comprises the anterior olfac-Karolinska Institute
BerzelisvaÈ g 3 tory nucleus and the piriform, periamygdaloid, and
transentorhinal cortices (Powell et al., 1965). The olfac-171 77 Stockholm
Sweden tory tract also connects directly to the periamygdaloid
cortex, and the olfactory tubercle to the mediodorsal§Department of Psychology
Uppsala University thalamic nucleus (Powell et al., 1965; Morecraft et al.,
1992). From the olfactory cortex and amygdala, the third751 42 Uppsala
Sweden neuron reaches targets in the orbitofrontal cortex, su-
biculum, thalamus, hypothalamus, brainstem, and cau-
date nucleus (Powell et al., 1965; Morecraft et al., 1992).
The olfactory structures have recently been mapped in
Summary humans. Studies with PET and functional MR indicate
that passive smelling of odors activates the amygdala-
How the human brain processes the perception, dis- piriform cortex, the right orbitofrontal cortex, and the
crimination, and recognition of odors has not been insular-periinsular cortex (Zatorre et al., 1992; Sim-
systematically explored. Cerebral activations were monds et al., 1997; Williams et al., 1997; Zald and Pardo,
therefore studied with PET during five different olfac- 1997; Sobel et al., 1998a, 1998b). In addition, a cerebellar
tory tasks: monorhinal smelling of odorless air (AS), activation has been reported by Sobel et al. (1998a,
single odors (OS), discrimination of odor intensity 1998b). The exact subset of structures involved seems
(OD-i), discrimination of odor quality (OD-q), and odor to vary with the particular odor used (Simmonds et al.,
recognition memory (OM). OS activated amygdala-pir- 1997; Williams et al., 1997; Zald and Pardo, 1997). Lesion
iform, orbitofrontal, insular, and cingulate cortices and studies suggest that the engaged structures also vary
right thalamus. OD-i and OD-q both engaged left insula with the particular odor-associated function, as reported
and right cerebellum. OD-q also involved other areas, in patients with mesial temporal lobe epilepsy (Zatorre
including right caudate and subiculum. OM did not and Jones-Gotman, 1991; Jones-Gotman and Zatorre,
activate the insula, but instead, the piriform cortex. 1993; Savic et al., 1997). For example, patient H. M.,
With the exception of caudate and subiculum, it shared who underwent a bilateral resection of the anterior hip-
the remaining activations with the OD-q, and engaged, pocampus, amygdala, and enthorhinal cortex due to
in addition, the temporal and parietal cortices. These intractable seizures, became impaired in recognizing
findings indicate that olfactory functions are organized odors and distinguishing odor quality, whereas his ability
in a parallel and hierarchical manner. to discriminate odor intensity remained intact (Eichen-
baum et al., 1983).
To test the hypothesis that odor perception, discrimi-
nation, and recognition memory (Tulving, 1983) is medi-Introduction
ated by different sets of brain structures, and to explore
how the neurobiological correlates to the specific fea-The sense of smell is probably the least known and the
most mystified of our senses. Odor-related physiology, tures of olfactory functions, we conducted positron
emission tomography (PET) measurements of regionalhowever, deserves special interest, as olfactory stimuli
exhibit characteristics that distinguish them from other cerebral blood flow (rCBF) during five specific olfaction-
sensory stimuli. They can immediately change the af- related tasks. The tasks were arranged in increasing
fective state and the arousal level in humans (Kirk-Smith complexity as follows: (1) monorhinal passive smelling of
et al., 1983). They produce immediate recall of the emo- odorless air (AS), (2) of single odors (OS), (3) monorhinal
tional valence and personal experiences related to the discrimination of odor intensity (OD-i), (4) of odor quality
source of smell (Lawless and Cain, 1975). According to (OD-q), and (5) episodic odor recognition memory re-
some reports, olfactory memories have a slower long- trieval (OM).
term rate of forgetting than memories for other sensory The results indicate that odor perception involves not
modalities (Lawless and Cain, 1975). Olfactory neurons only the amygdala-piriform and orbitofrontal cortices
are the only neurons that throughout the lifetime are but also the medial thalamus, and insular and cingulate
continuously replaced by new ones, which makes the cortices. Further, they suggest that odor smelling, inten-
extreme stability of olfactory recognition memory an sity and quality discrimination, and odor recognition
memory are olfactory functions organized in both a par-
allel and hierarchical manner, depending of the charac-k To whom correspondence should be addressed (e-mail: ivanka.
savic-berglund@neuro.ki.se). ter and complexity of the task.
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cortex ROI was 0.06, and the right insula-claustrum re-
gion 0.04.
Next, we applied an explorative analysis, i.e., we
asked which brain structures would change rCBF during
OS. For this purpose, the general linear model (GLM)
(Siarle, 1971) was applied in two ways: with the cluster
method of Ledberg et al. (1998) and with the SPM96
(Wellcome Dept. of Cognitive Neurology, London, UK)
(Friston et al., 1996). The two explorative methods were
also used for the evaluation of odor discrimination and
memory, as activations by these tasks have to the best
of our knowledge not been published earlier and an a
priori hypothesis was not available. Similar results were
obtained independently of the statistical method applied
(Tables 1±3; Figures 1 and 2).
Figure 1. ROIs Used in the Hypothesis-Based Analysis of Activa- Since all the odors were presented monorhinally, we
tions by OS
initially investigated possible differences in activation
ROIs were delineated arbitrarily on the MR images with aid of com- with respect to the side of stimulus presentation. Be-
puterized brain atlas, guided by the Talairach and Duvernoy atlas,
cause such differences were not observed at p , 0.05,and then transferred to corresponding PET images representing
data from activations via right and left nostril were col-rCBF. The orbitofrontal ROI (z 5 214 to 28) covered portions of
lateral, medial, and anterior orbitofrontal gyrus, and anterior portion lapsed in the further analysis.
of the posterior orbitofrontal gyrus. The primary olfactory cortex Changes in rCBF during OS were calculated using AS
ROI (z 5 218 to 29) covered the amygdala, temporal and frontal as the reference condition. Significant increases were
piriform cortex, the periamygdaloid and entorhinal cortex, the ante- found in right orbitofrontal and amygdala-piriform corti-
rior olfactory nucleus, the olfactory tubercle, and the medial portion
ces, right thalamus, left insula-claustrum, and the ante-of limen insulae. Finally, the insula-claustrum ROI (z 5 24 to 8)
rior cingulate (Table 1; Figure 2). These regions thus sub-comprised the anterior and posterior insula and parts of claustrum.
served odor perception, the most basic odor function.
When studying the activations during various olfac-
tory tasks, our purpose was to distinguish structuresResults
activated by the specific tasks from those activated by
the odor stimuli. Therefore, the reference condition forActivations
OD-i, OD-q, and OM was OS.First, we tested the hypothesis that OS activates the
The OD-i engaged left insula and right cerebellumprimary olfactory cortex (comprising the amygdala, peri-
(large clusters including lower portions of the occipitalamygdaloid, entorhinal, and piriform cortices, the ante-
cortex) (Table 2A; Figure 2B). Both fields partly over-rior olfactory nucleus, and the olfactory tubercle), the
lapped with the insular and cerebellar activations duringorbitofrontal and insular cortices (Powell et al., 1965;
OD-q (Figure 2E). OD-q involved, in addition, the rightZatorre et al., 1992; Zald and Pardo, 1997; Sobel et al.,
subiculum-hippocampus and caudate, the brainstem1998a). Regions of interest (ROIs) were drawn arbitrarily
and dorsal thalamus, and parts of the frontal cortex (theto cover these regions, guided by the atlas of Talairach
anterior cingulate, orbitofrontal, opercular, and prefron-and Tournoux and the atlas of Duvernoy (Talairach and
tal cortices) (Table 2B; Figure 2C).Tournoux, 1988; Duvernoy, 1991) (Figure 1). The mean
The OM, which was assumed to be the task posing therelative rCBF in each ROI was then compared between
highest cognitive demands, showed a more extensiveOS and AS (paired t test). After adjustment for multiple
pattern of activation, which included the right temporalcomparisons according to Bonferroni, significant activa-
cortex and the parietal cortex-precuneus, two neocorti-tions (increases in rCBF by OS at p , 0.008) were found
cal areas that are remotely connected with the basicin right and left orbitofrontal-inferior frontal ROI (p 5
olfactory regions (as determined by OS versus AS). OM0.0005 and p 5 0.001, respectively), right primary olfac-
also activated large portions of the piriform and orbito-tory cortex ROI (p 5 0.002), and left insula-claustrum
ROI (p 5 0.002). The p-value for the left primary olfactory frontal cortices, and shared with OD-q parts of the acti-
Table 1. Activations during Passive Smelling of Odors (OS versus AS)
SPM96 Cluster Statisticsa
Z Score Coordinates Z Score Size Coordinates
Region (peak) x y z (mean) (cm3) x y z
R orbitofrontala 3.5 14 42 26 3.7 1.1 19 37 25
R amygdala-piriform cortexa 4.2 20 22 210 3.6 1.3 19 1 28
R thalamus (dorsomedial) 3.8 20 214 6 3.0 4.9 12 226 14
L insula-claustrum 4.2 228 210 6 3.4 1.1 229 28 14
Anterior cingulatea 4.3 22 32 8 3.4 3.2 21 35 8
SPM96: p , 0.05 uncorrected. The corrected value was not used, as an a priori hypothesis was not available. aLedberg et al., 1998: the
piriform, orbitofrontal, and cingulate clusters were segmented at z . 3.1, which resulted in the presented centers of gravity. A z . 3.1 cluster
sized .1.1 cm3 yielded p , 0.05.
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Figure 2. Activations during Odor Smelling, Discrimination, and Recognition Memory
Subjects right side is to the left in the image. The corresponding z levels in the Talairach coordinate system, implemented in the Roland atlas,
are given below each image.
(A) Passive smelling of odors (pink clusters). The central cluster seen in the upper image is confluent with the cingular cluster in the lower
image.
(B) Discrimination of odor intensity (yellow). No other regions were activated during the OD-i.
(C) Activations during OD-q (green). The left caudate cluster was confluent with the left insula-operculum cluster.
(D) Odor recognition memory (white clusters).
(E) Left: the cerebellar clusters in OD-q (green) and OD-i (yellow). The OD-i clusters are superimposed on the OD-q clusters.
Right: major common clusters between OM (white), OD-q (green), and OD-i (yellow). The OD-q and OD-i clusters were superimposed on OM
clusters.
vations in orbitofrontal, cingulate, opercular, and pre- cortices in OM) partly overlapped with but were spatially
more extensive than the corresponding activations byfrontal cortices as well as in the thalamus and brainstem
(Table 3; Figure 2D). Some of the clusters activated by OS (Figure 2).
The final step in data analysis was to evaluate whetherboth OM and OD-q were partly overlapping (Figure 2E).
Notably, certain task-associated activations (left in- the rCBF in the OM-activated regions was significantly
different from the corresponding rCBF in OD-i and OD-qsula in OD-q and OD-i, right piriform and orbitofrontal
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Table 2. Activations during Odor Discrimination
A. Discrimination of Odor Intensity (OD-i versus OS)
SPM96 Cluster Statisticsa
Z Score Coordinates Z Score Size Coordinates
Region (peak) x y z (mean) (cm3) x y z
L insula 4.5 226 14 12 3.1 3.8 227 16 12
R cerebellum 4.4 6 276 216 2.9 8.3 4 273 212
B. Discrimination of Odor Quality (OD-q versus OS)
SPM96 Cluster Statisticsa
Z Score Coordinates Z Score Size Coordinates
Region (peak) x y z (mean) (cm3) x y z
L insula, L orbitofrontal
cortex - L frontal operculum 5.0 232 16 4 3.4 8.2 230 18 9
R cerebellum 4.3 22 272 226 2.9 8.9 7 278 210
R orbitofrontal cortex - R frontal operculuma 4.8 34 10 0 3.2 4.4 10 21 7
R prefrontal and cingulate cortex 4.8 6 20 32 3.2 4.2 5 27 35
R subiculumb 4.4 10 226 28 3.1 1.1 14 224 212
Brain stem, dorsal thalamus 4.4 4 232 222 3.1 1.8 6 225 27
R caudate 4.3 18 10 12 3.2 1.1 15 14 14
SPM96: all the regions were significant at p , 0.001 uncorrected and p , 0.05 corrected. aLedberg et al., 1998: segmented from a confluent
cluster with the right prefrontal and cingulate cortices, and a confluent cluster with the right caudate at z . 1.1; bsegmented from the confluent
cluster with the brainstem at z . 3.1. A z . 3.1 and cluster sized .1.1 cm3 yielded p , 0.05. R, right; L, left.
and whether the regional activations by OD-q and OD-i ANOVA with Fisher's post hoc test, using the olfactory
tests as the parameter of variance; p , 0.008 after Bon-were significant in relation to OM. We therefore com-
pared rCBF in the clusters that were not shared by sev- ferroni correction for the six regions). With the exception
of the left insular cortex, we found that all the testederal conditions and could thus be task specific. Three
of these clusters were determined from the OM versus locations had rCBF that differed significantly between
the tested conditions (OM compared with OD-q andOS contrast (the right temporal neocortex, and right
parietal and right piriform-orbitofrontal cortices). The OD-i yielded p 5 0.003 for the piriform-orbitofrontal clus-
ter, p 5 0.002 for the right temporal cluster, and p 5remaining (the left insula, right subiculum-hippocampus,
and right caudate) were generated by OD-q versus OS. 0.008 for the right precuneus cluster; OD-q compared
with OM yielded p 5 0.015 for the left insular cluster;These six clusters (Figure 2) were applied as ROIs on
the original rCBF images in OD-i, OD-q, and OM. The OD-q compared with OM and OD-i yielded p , 0.0001
for the right subiculum-hippocampus cluster and p 5mean rCBF from each separate region and scan during
the respective olfactory task was then used for a direct 0.001 for the right caudate cluster).
A direct post hoc contrast between OD-q and OD-icomparison between OD-i, OD-q, and OM (one-way
Table 3. Activations during Odor Recognition Memory (OM versus OS)
SPM96 Cluster Statisticsc
Z Score Coordinates Z Score Size Coordinates
Region (peak) x y z (mean) (cm3) x y z
R piriform 1 R orbitofrontal 4.5a 30 20 218 3.2 24.3 39 10 25
cortex 1 R frontal operculum
(confluent cluster)
L orbitofrontal cortex 3.9b 242 22 2 3.1 5.0 235 24 25
1 L frontal operculum
(confluent cluster)
R prefrontal and cingulate cortex 3.7b 0 44 26 3.2 6.4 4 40 35
R thalamus and brainstem 4.7a 6 28 2 3.5 8.2 3 28 3
R temporal neocortex 3.9b 58 248 24 3.4 3.0 56 239 21
R posterior parietal lobe 3.8 20 260 30 3.4 20.9 10 247 26
including precuneusc
L posterior parietal lobec 4.1b 232 266 24
R cerebellum ns 3.2 5.0 1 268 227
L cerebellum 3.8b 214 272 234 3.0 3.6 218 249 226
SPM96: aregions with significant activation according to SPM at p , 0.001 uncorrected and p , 0.05 corrected. bRegions with significant
activation according to SPM at p , 0.05 uncorrected and p , 0.1 corrected. cLedberg et al., 1998: all regions are significantly activated. R,
right; L, left. Two clusters in the parietal lobe are shown by the SPM statistics and one big confluent cluster in the Ledberg et al. method.
This cluster has its maximum on the right side but spreads to the left parietal cortex.
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Figure 3. Set Theory Diagram of the Main
Findings Showing the Statistically Significant
Activations of Regions Shared by Several
Tasks, and the Regions Specific to the Partic-
ular Task
Each pyramid indicates a separate task. The
borders indicate statistically significant dif-
ferences between tasks. The diagram also
reflects a hierarchical organization of the
structures engaged, based on the assump-
tion that the anatomical connectivity in hu-
mans is analogous to that of higher mammals
(see text). For example, the amygdala-piri-
form cortex is regarded as the primary olfac-
tory cortex, the thalamus (dorsomedial) and
posterior orbitofrontal cortex as structures
immediately connected with the primary ol-
factory structures, etc. The gray zone indi-
cates regions activated by OS. The orbito-
frontal cluster in OM was larger than in the
other conditions and also comprised the fron-
tal piriform cortex. Bil, bilateral; temp, tempo-
ral; front, frontal; R, right; L, left.
(using OD-i as reference) with the explorative analysis between the five conditions (AS, OS, OM, OD-q, and
OD-i) (Table 4).showed activation of right subiculum-hippocampus and
brainstem (confluent cluster, x 5 8, y 5 223, z 5 212),
left hippocampus (x 5 230, y 5 211, z 5 215), the mid Discussion
portion of right cerebellum (x 5 5, y 5 251, z 5 248),
and the right frontal cortex (x 5 6, y 5 25, z 5 31). No Our principal finding was that olfactory functions were
mediated by common as well as task-specific regions.activations were observed in OD-i when OD-q was used
as reference. Simple smelling of odors activated the amygdala-piri-
form, insular, and the orbitofrontal cortices but also theTaken together, the data showed that the task-spe-
cific areas for OM consisted of right piriform, temporal, thalamus and cingulate cortex, which are regions less
often associated with olfaction.and parietal cortices and for OD-q of the right subicu-
lum-hippocampus and caudate. The left insular activa- During various olfactory functions, these OS regions
were further activated. Some of the enhancements weretion was specific in relation to other tasks for both OD-q
and OD-i. All three tasks shared activation of a part of task specific, whereas others were shared by several
tasks: for example, OM extensively activated the piri-the right cerebellar anterior lobe, whereas the activation
of the frontal opercular cortex, prefrontal and orbitofron- form and orbitofrontal cortices, whereas OD-q and OD-i
enhanced the activations in left insular cortex. Both OD-qtal cortices, the thalamus, and brainstem was common
for OM and OD-q (Figure 3). and OM enhanced the odor-associated activations in
thalamus, cingulate, and orbitofrontal cortex. The three
olfactory tasks (OD-i, OD-q, and OM) also recruited ar-
eas outside the OS regions; again, some of these outsidePerformance
The mean hit rate during the memory task was 0.84 OS regions were shared by several tasks, whereas oth-
ers were task specific (Figures 2 and 3). Furthermore,(SD 5 0.07), the false alarms 0.27 (SD 5 0.16), and the
d9 (an index of discrimination based on the proportion with the increasing complexity of the task, the activated
task-associated areas were more and more remotelyof hits and false alarms [Holthaus, 1978]) was 1.74 (SD 5
0.79). The corresponding hit rates for OD-q and OD-i connected with the OS regions. For example, right cere-
bellum was activated by OD-i and OD-q and OM. Thewere 0.90 (SD 5 0.13) and 0.78 (SD 5 0.19). The discrimi-
nation performance was significantly better during right- brainstem (mesencephalon) and prefrontal cortex was
activated by OD-q and OM but not OD-i. OD-q tasksided presentations (p 5 0.03, paired t test), whereas
it was symmetrical during the OM tests. The subjects specifically activated right subiculum-hippocampus and
reported perception of the four baseline odors (used for
OS) during 76 s (SD 5 15) (see Experimental Proce-
Table 4. The Mean Arterial pCO2 during Different Conditionsdures).
(Scans)
The activation of right subiculum-hippocampus dur-
Condition pCO2(kPa)ing OD-q was weakly (r 5 0.5) but significantly (p 5
0.008) correlated to the hit scores in OD-q. No correla- AS 5.1 6 0.4
OS 4.9 6 0.4tions were observed between the hit scores for discrimi-
OM 5.0 6 0.4nation, the hit or the d9 scores for OM, and the rCBF in
OD-q 5.1 6 0.2any other region activated by OM or OD.
OD-i 5.0 6 0.4
The pCO2 concentrations in arterial blood did not differ
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right caudate, whereas OM engaged the right temporal using all four OS scans when contrasting the reference
condition (OS) with the task conditions. In other words,neocortex and parietal cortex, areas which were not
activated in any of the other tasks. activations by four different odors (one per OS scan)
were used as reference. Furthermore, each odor in OSSensory systems are often said to be organized in
a parallel and hierarchical fashion, although abundant was presented in an on/off mode a comparable number
of times to the number and mode of presentations ofevidence for this hypothesis at the cortical level is only
present for the visual system (Felleman and van Essen, odors in OD-q and OM (see The Experimental Design,
below). Finally, to exclude that an increase in the odor1991; Roland et al., 1998). With PET, it is impossible to
measure, during a task, whether one neuron population load per scan could have contributed to the observed
differences between the activation pattern in OS versusat one site is absolutely unaffected while another popu-
lation at a different cortical site is activated by the OM and OD-q, we also conducted supplementary PET
experiments in which the four odors previously pre-taskÐa prerequisite for the demonstration of parallel as
well as hierarchical processing. Thus, in this study we sented in four different OS scans now were given se-
quentially during the same scan.can only demonstrate that one cortical field is signifi-
cantly more activated by one olfactory task as compared Four observations from these experiments confirmed
that the OS design with one odor/scan was the mostto another olfactory task. In this sense, a sign of hierar-
chical processing is that the lateral orbitofrontl cortex, adequate for the present study: first of all, 90% of the
subjects spontaneously discriminated odors, althoughfrontal operculim, and brainstem is significantly more
activated during OD-q and OM than during OS and OD-i they expected that one odor only would be presented.
Second, the pattern of activation did not differ between(shared regions in Figure 3), whereas all four tasks acti-
vate structures in olfactory cortex and structures that the OS condition with one odor/scan versus several
odors/scan, although the extent of the clusters was notare anatomically more closely connected with the olfac-
tory cortex (gray zone in Figure 3). Another sign of hierar- identical. There was one exceptionÐa left amygdala-
piriform cortex cluster appeared in the multiple odor OSchical processing is that OD-i activated the cerebellum
significantly more than did OS, although both tasks acti- versus AS contrast; however, the rCBF in this region did
not differ between the four odors/scan OS and the singlevated the insula, which presumably is more closely con-
nected with the primary olfactory cortex (Figure 3). A odor/scan OS, and the rCBF in this region was signifi-
cantly higher during one odor/scan OS than in the corre-third is that parietal cortex, the cluster most remotely
connected to the primary olfactory areas, was activated sponding AS scans. Third, the more pronounced activa-
tion of left insula and the recruitment of caudate in theonly by OMÐthe task assumed to pose the highest
cognitive load. A demonstration of parallel processing, multiple odor OS (also seen in OD-q) suggests that the
reported spontaneous discrimination could have beenon the other hand, is that the right temporal neocortex
and right parietal cortex are significantly more activated mediated by some of the pathways also involved in
OD-q. This further demonstrates that OS with one odor/by OM than by OD-q, whereas the subiculum-hippocam-
pus and head of the caudate are significantly more acti- scan is the appropriate control for OD-q. Finally, the
ROI analysis showed that the spatially larger and morevated by OD-q than by OM (separate regions in Figure
3). On the basis of this reasoning, we suggest that the pronounced activation of the piriform and orbitofrontal
cortices in OM compared to OS was exclusively relatedolfactory system, like the visual system, is organized in
both a parallel and hierarchical manner. to the OM condition and not associated with a higher
odor load (please see the Experimental Procedures).
Since the site of activation may vary with the particularMethodological Aspects
odors applied (Simmonds et al., 1997; Williams et al.,The performance in OD-i, OD-q, and OM did not differ.
1997; Zald and Pardo, 1997), an identical set of odorsDuring OS and AS, however, no performance measures
was used during OD-q and OM. To avoid unwantedwere taken. One may, therefore, assume that whereas
memory processing due to repetition of odors acrossthe first three conditions were matched for task difficulty
the conditions, two groups of subjects had to be tested.and attention, we have no measures to judge the atten-
This approach hampered a simple explorative statisticaltional levels in OS versus AS, and attentional difference
comparison between OM, OD-q, and OD-i. The differ-between the two latter conditions can presently not be
ences in activation between OD-i, OD-q, and OM, there-excluded.
fore, had to be based on the applied post hoc tests.The number of different odors in the four OS condi-
Because it was important to identify the separatetions was totally four, one odor/scan. Similarly, the num-
structures involved in the respective task, we searchedber of different odors in the four OD-i conditions was
to minimize the filtering of PET images. Because the 10totally four, one odor/scan. During each OD-q and OM
mm filter applied is regarded to be the lowest allowedscan, four to seven different odors were presented to
by the SPM method for the scanner used and becausethe subjects. The reason for using one odor per OS scan
the Ledberg method (Ledberg et al., 1998) does not havewas to avoid an automatic discrimination process, which
this restriction, we searched to increase the reliabilitywould severely bias the comparison with OD-q. That
of the results by employing both statistical methods.spontaneous discrimination occurs when the subjects
The fact that similar patterns were obtained with bothpassively smelled different odors was observed in pre-
methods strengthens the validity of the present findings.paratory psychophysical experiments before the PET
study (see Experimental Procedures).
A possible flaw related to the difference in number of Passive Smelling of Odors
Very few in vivo data are presently available on theodors presented in the reference condition (OS) versus
OD-q and OM was in the present study minimized by pathways for monorhinic odor processing in humans.
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The observed lack of nostril-related differences is con- the odor recognition memory (Eichenbaum et al., 1983).
This suggests that structures necessary for distinctiongruent with the recent report from magnetic source im-
aging (Kettenmann et al., 1997) and suggests, in contrast and recognition of odor quality may not be required for
discrimination of odor intensity. Support for that is givento what is generally believed (Gordon and Sperry, 1969),
that odor transduction is both ipsilateral and crossed. by the present observation that OD-q activated not only
all the structures engaged in OD-i, but, in addition, theThe explorative statistics showed no significant acti-
vation in the left amygdala-piriform cortex, whereas the prefrontal, cingulate, orbitofrontal, and frontoopercular
cortices and the caudate, subiculum-hippocampus, andVOI analysis suggested that the rCBF in this region was
higher during OS compared to AS at p 5 0.060. Thus, the brainstem. The two discrimination functions thus
probably are mediated by different levels of a hierarchi-the employed odors probably activated also the left
amygdala but to a lesser extent than the right. The right- cally organized network of areas.
The areas activated only by OD-q are in primatessided dominance is in accordance with the presently
observed right-sided superiority in the discrimination directly connected to the amygdala-piriform cortex: the
head of caudate has direct interconnections with theof unfamiliar odors. Notably, in our subsequent PET
experiments, we have observed that the hemispheric amygdala (Powell et al., 1965; Barbas and de Olmos,
1990), as has the subiculum-hippocampus (Aggleton,preponderance of amygdala activation seems to be re-
lated to the particular odor used and that the right-sided 1986). The brainstem clusters observed in the present
study most likely included substantia nigra, which alsosuperiority in odor discrimination disappears when only
familiar odors are employed (Savic and Berglund, 2000). is known to have connections from the amygdala (Dahl-
struÈ m and Fuxe, 1964). Provided that same connectionsA further evaluation of monorhinal olfactory pathways
is therefore warranted. are also present in humans, this implies that the OD-q-
activated areas are directly connected to the OS regions.In accordance with several earlier reports, the major
activation was found in the right amygdala-piriform and Olfactory memory is regarded as episodic memory,
responsible for the retrieval of events experienced at aright orbitofrontal cortices (Zatorre et al., 1992; Sim-
monds et al., 1997; Zald and Pardo, 1997; Sobel et al., particular time and place (Tulving and Schachter, 1990).
Like in previously described experiments on episodic1998a). Also, the observed involvement of the dor-
somedial thalamus, insula, and anterior cingulate has memory for other modalities, the OM engaged the pre-
frontal, cingulate cortex, the cerebellum, temporal andbeen described previously during odor perception (Wil-
liams et al., 1997; Kettenmann et al., 1999). In the ma- parietal cortices (Buckner et al., 1995, 1996; Nyberg et
al., 1995; Cabeza and Nyberg, 1997). At variance withcaque monkey, the piriform cortex has strong connec-
tions with the posterior orbitofrontal cortex, and from the reports on recognition memory with other modal-
ities, OM also engaged the piriform and orbitofrontalthere with the insula and anterior cingulate (Mesulam
and Mufshon, 1985). In addition, both the piriform cortex cortices, which also was found in a recent report on
olfactory long-term recognition memory (Dade et al.,and the amygdala also have direct connections with the
medial and mediodorsal thalamus (Powell et al., 1965) 1998). These latter activations seem to be specific for
OM, as identical odors were presented in the same man-and the anterior insular cortex (Mesulam and Mufshon,
1985). Thus, the pattern of activation during OS is consti- ner during OD-q without showing the corresponding
activations (Figure 2). Furthermore, a direct comparisontuted by areas regarded as the primary olfactory cortex
(Powell et al., 1965) and its primary connections. between OM and OD-q showed significant difference in
these areas. Interestingly, the involvement of piriform
cortex in OM was hypothesized by Haberley on the basisThe Task-Related Odor Functions
of the special features of neuronal circuitries in this re-In contrast to OM and OD-q, no significant activations
gion (Haberley, 1985).were observed in the amygdala-piriform or the orbito-
In contrast to OM, OD-q engaged the subiculum-hip-frontal cortex when OD-i was contrasted to OS. Since
pocampus and the caudate. Taken together, these re-the OD-q and OD-i was performed by the same subjects,
gional differences demonstrate that the OD-q and OMthis difference seems to be task related. Based on the
were partly subserved by different, parallel organizedobservations from the patient H. M., who had a pre-
structures.served discrimination of odor intensity in spite of the
The OD-q and the OM shared the fields of activationsbilateral resection of amygdala-temporal piriform cor-
in the right prefrontal cortex and frontal operculum,tex, we conducted a special post hoc analysis while
structures not activated in OS and OD-i (Figure 2B).asking ourselves whether the amygdala-piriform cortex
These isocortical fields reside higher in the connectionalis engaged in the discrimination of odor intensity at all.
hierarchy than the amygdala-piriform, the posterior or-When the amygdala-piriform cluster (determined from
bitofrontal, insular, cerebellar, thalamus, and cingularOS versus AS, Figure 2) was used as ROI, and the rCBF
areas engaged in odor perception and odor intensityvalues from OD-i compared with the corresponding
discrimination. OM, which was the task assumed tomean values from AS, no significant difference was ob-
pose the highest mental load, also activated the precu-tained. This finding and the findings in H. M. raise the
neus and temporal neocortex. These two neocorticalquestion about existence of an alternative pathway, sug-
regions are believed not to have direct connections togested to connect the olfactory bulb via the olfactory
amygdala-piriform cortex (Gloor, 1997), further underly-tubercle with the thalamus (Powell et al., 1965; Morecraft
ing a task-related hierarchical organization of olfactoryet al., 1992).
functions.Interestingly, in contrast to the preserved ability to
Both OD-q and OD-i involved a working memory com-discriminate odor intensity, the patient H. M. was im-
paired in his discrimination of odor quality as well as in ponent, because the subjects had to retain information
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maybe only slightly impaired. Selway and Keverne (1990)
in a rat experiment showed that hippocampal lesion
affects odor quality discrimination, but not the odor
memory function (Selway and Keverne, 1990). The lack
of hippocampal activation during odor recognition (OM)
could, perhaps, be explained by the fact that OD-q scans
enabled an on-going encoding of different odors,
whereas the encoding possible during OM and OD-i was
minimal (see Experimental Procedures). Hippocampus
is frequently found activated during the encoding pro-
cesses. Its activation in recognition memory tasks is
more controversial, and both activation (Schacter et al.,
1995) and lack of activation has been reported (Buckner
et al., 1995; Cahill et al., 1996; Cabeza and Nyberg,
1997). Schacter et al. (1996) suggested that hippocam-
pal activation in certain recognition tasks is associated
with the process of conscious recollection, which is
compatible with the earlier report by Bunsey and Eichen-
baum (1996) suggesting that declarative odor memory
depends on the hippocampus. Schacter further pro-
posed that hippocampal activation may depend on the
level and type of recollection (Schacter et al., 1996).
One possible explanation to the lack of hippocampal
activation in the present memory tasks may be that OM
did not require active recollection and that the success
rate in the memory task was relatively low. In any case,
the present experiments were not specifically designed
to elucidate the role of hippocampus in odor recognition.
Another observation deserving comment is that the
amygdala was activated already by OS, without an addi-
tional enhancement during OM. Amygdala is closely
connected to the hippocampus and enthorhinal cortex
and only two synapses away from the olfactory recep-
tors. Because amygdala is essential for the emotional
Figure 4. Experimental Protocol valence and the emotional enhancement of memory
Representative scanning sequences for the memory protocol (12 (Mesulam, 1998), its activation may provide a physiologi-
scans per subject) and the discrimination protocol (14 scans) are
cal substrate for the commonly experienced immediategiven, with an example for each category of scan. A to J 5 target
change of affective state by odors, and the high long-odors, and K to T 5 the distractor odors during the memory task.
term retention of odor memories.
In summary, the olfactory sense is unique since the
first neuron of the olfactory pathways ends up directlyon the previous odorant during the discrimination per-
in the cerebral cortex. The primary targets for olfactoryformance. Involvement of working memory is unavoid-
neurons and their secondary connections comprise theable in odor discrimination experiments, because odor
structures engaged in simple odor smelling (OS). Dis-interaction hampers discrimination of simultaneously
crimination of odor intensity activates a subset of thesepresented odors. It is, however, questionable to what
structures and represents a function subserved byextent, or if at all, the working memory contributed to
structures hierarchically lower than odor quality discrim-the clusters shown as specific for OD-q compared to OM
ination. OD-q and OM are subserved by a set of yet(the right subiculum-hippocampus and right caudate).
higher structures, some of which are iso and neocortical,These regions were not activated by the OD-i, although
but also subserved by allocortical fields organized inworking memory was involved in both OD-q and OD-i.
parallel streams (Figure 3). Thus, the special featuresAlso, working memory is reported to involve the frontal
with odor processingÐthe immediate association toand frontoopercular cortices (Owen et al., 1998), and
emotion and episodic memoryÐare not explained bythe only common activation for OD-q and OD-i with
the general organization of involved networks, but thethis localization was the frontoopercular part of the left
fact that limbic structures, suggested to represent ainsular cluster, an area activated also by OM (Figure
late stage in the sensory-fugal stream of information2B). Thus, it is likely that the major activations in OD-q
(Mesulam, 1998), are involved already at its most ele-and OD-i, and particularly those not observed in OM,
mental form, odor perception.were constituted by other discrimination-related pro-
cesses than working memory.
Experimental ProceduresThe present study showed activation in subiculum-
hippocampus in OD-q but not during OM and OD-i.
Subjects
Some patients with mesial temporal lobe epilepsy (Savic Eighteen healthy females, (age, 22±27 years; education, 14±17
et al., 1997) have highly impaired ability to discriminate years), divided into two matched groups with nine subjects, partici-
pated in PET measurements of AS, OS, and OM (group 1) and AS,odor quality, whereas their ability to recognize odors
Cerebral Organization of Olfactory Functions
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OS, OD-i, and OD-q (group 2). The subjects were right handed, with bottle, just under one nostril, with the other plugged with a special
nostril plug 10 min prior to and during the presentations. The subjectnormal nasal anatomy according to the clinical status assessed
before the PET experiments, and normal olfactory thresholds (Lars- was instructed to always breathe passively independently of the
task. During several preparational psychophysical experiments,son and BeÁ ckman, 1997).
subjects were trained in the scanner to keep a breathing frequency
of about 14/min. The odors applied during OM were identical withOdors
those used in OD-q. Four other odors were used for OS. Thus, eachFrom a kit of 50 odors (tested in ten other control subjects before
of the 18 subjects received the identical set of odors (including thethe PET study), we selected the 24 odors rated as most neutral and
OS and OD-i conditions). With exception for OM, which was alwaysnonfamiliar and most similar in intensity ratings. They were used
tested during scan numbers 2±5, the tests were randomized andin controlled, suprathresholded, but nontrigeminal concentrations
balanced across scans. Subjects were always told what the next(1%±10% concentrations, causing no perception when tested on
test was going to be. The odor presentations were indicated bythree anosmic patients). The same odors were applied in both PET
touching the subjects right index, and the responses by raising thestudy groups, using glass bottles.
right index versus thumb (sham movements were used during theAltogether four different odors (eugenol, butanol, lavendel oil, and
OS and AS). The performance-hit scores, false alarms, and d9 scorescedar oil) were used during OS, one for each OS session. Four
was calculated off line.different odors (butanol, butylacetate, methylsalicylate, and guaia-
After PET measurements, the subjects scored the odors for famil-col) were used also for the OD-i, one during each OD-i scan. The
iarity, intensity, irritability, and pleasantness using a 100 mm bipolarparticular OD-i odors were chosen because the subjective percept
visual-analog scale (Larsson and BeÁ ckman, 1997). Also, the adapta-of their intensity changed with dilution without affecting the odor
tion rate to the four baseline odors was tested by measuring timequality. Seven concentrations, increasing the dilution four times for
from the presentation to subjective loss of perception of odors.each concentration, were applied. The lowest concentration was
three times above the threshold concentration detected during the
Scanning Procedurespsychophysical study preceeding the PET experiments.
PET scans always followed a nuclear magnetic resonance (MR) scan
(1.5 tesla GE scanner; 3D SPGR; TE 5 5 ms, TR 5 21 ms; Q 5 508,
The Experimental Design FOV 5 256 mm). The CTI-Siemens ECAT EXACT HR scanner, (FOV 5
The design and procedure are explained in Figure 4. The odor per- 150 mm, FWHM 5 3.8 mm) running in 3D mode was used. The
ception, discrimination, and recognition memory tasks were de- subjects had head fixed (BergstruÈ m et al., 1981), ears plugged,
signed in accordance with classical psychophysical experiments and eyes covered. They received 12±14 bolus injections containing
on odor function (Eichenbaum et al., 1983; Powell et al., 1990; Za- about 12 mCi of 15O-butanol, (Berrige et al., 1991). The task started
torre and Jones-Gotman, 1991; Jones-Gotman and Zatorre, 1993; at the beginning of injection. The analysis included 50 s after onset
Savic et al., 1997). of acquisition (about 20±70 s after injection). Arterial line allowed
AS measurements of pO2 and PaCO2 levels (Table 4) and correctionsIn PET sessions with AS, the odorless air was presented in a glass for possible hyperventilation effects. The room temperature and air
bottle for 15 s a total of five times. Each presentation was followed pressure in the PET room was standardized during all experiments
by a 5 s interval of breathing the air in the scanner room. One (238C, 997 hPa), and the contamination by odors avoided by a suc-
session lasted 95 s. The instruction was to breathe passively and tion devise connected to the scanner.
concentrate on perception of odorless air.
OS
Data AnalysisThe identical on/off mode was applied as in AS, but the subjects
The sinograms were reconstructed with a 4 mm Hanning filter. Therepetitively received an odor instead of air. The instruction was to
rCBF was calculated with the autoradiographic method (Meyer,breathe passively and concentrate on odor perception.
1989). A 10 mm Gaussian filter was used. The PET images wereOD-i
coregistered with the AIR program (Woods et al., 1992), anatomicallyDuring OD-i, one and the same odor was presented in different
standardized using individual MRIs and the Computerized Brainconcentrations. Each presentation lasted 10 s, followed by a 5 s
Atlas (Roland et al., 1994), and finally normalized to a global CBFodorless interval in between. A total of seven presentations were
of 50 ml/100 g/min.done over 105 s. The relation between concentrations of two con-
The contrasts were tested with the general linear model (Siarle,secutive presentations was not less than 1:64. The odors employed
1971), and the differences calculated pixel-by-pixel, generating tin OD-i were presented in seven different concentrations, of which
maps, later transformed into units of normal distribution (z maps).four were lower, one equal with, and two higher than the concentra-
The number of df was 198. Significant activations (p , 0.05) weretions of the four baseline odors. The underlying reason was to bal-
determined with the cluster statistics of Ledberg et al. (1998), andance for possible differences in activation due to the odor strength.
the SPM96 (Wellcome Dept. of Cognitive Neurology, London, UK)The subject had to perceive odor intensity, discarding the odor
(Friston, 1995; Friston et al., 1996).quality, and determine whether the present odor was stronger or
Based on 3000 simulated noise images, the z threshold was inweaker than the previous. Three repetitions were made of this condi-
the Ledberg model determined to be 2.6 and the minimum clustertion, each with a new odor.
size 2.7 cm3. This gave an omnibus probability of p , 0.05 of havingOD-q
one or more false positive clusters within the space of the standardIn OD-q, the mode of odor presentation was identical, but using
anatomical brain.4±6 odors (depending on the proportion of same-different pairs)
The location of significant clusters was determined according torather than one odor. The instruction was to concentrate on odor
Talairach coordinates in relation to the computerized brain atlasquality, discarding the intensity, and decide whether the present
and the reformatted mean MRI of participating subjects (Figure 2).odor was the same or different than the previous. Three repetitions
Possible correlations between normalized rCBF in significantly acti-were made of this condition, each with new odors.
vated areas the hit and d9 (OM) scores were tested with the PearsonOM
correlation coefficient (r), using the individual values from each acti-The odor memory experiments started outside the scanner, with
vation scan as the input.three encoding sessions. The recognition memory was tested 60
min later in four consecutive PET scans. During each scan, we
presented five odors, each for 15 s, with a 5 s interval in between. Post Hoc PET Experiments
To evaluate whether passive smelling of several odors during oneThe decision was whether the particular item had been presented
60 min earlier (yes no paradigm). Ten target odors were used for PET scan leads to a different pattern of activation compared to
passive smelling of one odor per scan, we conducted an additionalencoding, and ten others as foils. Four repetitions of this condition
were made, each with a different number of new and old odors. The series of PET experiments in ten other healthy, right-handed, female
subjects (age, 20±29 years). In these experiments, the AS conditionpresentation schedule was such that none of the (new or old) odors
were repeated in different sessions. was identical with AS in the main study. In the OS condition, how-
ever, butanol, cedar oil, lavendel oil, and eugenol was presentedThe odors as well as the odorless air were presented in a glass
Neuron
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during the same scan (in the 15 s on and 5 s off manner), and not L.R., and Raichle, M.E. (1995). Functional anatomical studies of
explicit and implicit retrieval tasks. J. Neurosci. 15, 12±29.during four separate scans. The subjects were instructed that an
odor would be presented and were told to breathe passively and Buckner, R.L., Raichle, M.E., Miezin, F., and Petersen, S.E. (1996).
smell the odor. Notably, nine of ten subjects spontaneously com- Functional anatomic studies of memory retrieval for auditory words
mented after the scan that the odor changed character or reported and visual pictures. J. Neurosci. 119, 6219±6235.
that different odors had been presented. Bunsey, M., and Eichenbaum, H. (1996). Conservation of hippocam-
Significant activations during the OS condition with four odors/ pal memory function in rats and humans. Nature 379, 255±257.
scan were evaluated using the AS as the reference condition and
Cabeza, R., and Nyberg, L. (1997). Imaging cognition: an empiricalapplying the explorative statistics of Ledberg et al. (1998) with t
review of PET studies with normal subjects. J. Cogn. Neurosci. 9,threshold of 2.6 and minimum cluster size 2.7 cm3 (p , 0.05). Clusters
1±26.were found in the right amygdala 1 piriform 1 orbitofrontal cortex
Cahill, L., Haier, R.J., Fallon, J., Alkire, M.T., Tang, C., Keator, D.,(large confluent cluster, center of gravity according to Talairach
Wu, J., and McGaugh, J.L. (1996). Amygdala activity at encodingcoordinates x 5 23, y 5 3, z 5 28), right putamen 1 caudate 1
correlated with long-term, free recall of emotional information. Proc.thalamus (confluent cluster, x 5 16, y 5 0, z 5 0), anterior cingulate 1
Natl. Acad. Sci. USA 93, 8016±8021.subcallosum (x 5 214, y 5 37, z 5 22), left amygdala-piriform
cortex (x 5 221, y 5 21, z 5 210), left insular cortex 1 left caudate Costanzo, R.M., and Graziadei, P.P. (1997). Development and plas-
(confluent cluster, x 5 221, y 5 6, z 5 8). Because different groups ticity of the olfactory system. In Neurobiology of the Taste and Smell,
of subjects were studied (due to the radiation safety restrictions), T.E. Finger and W.L. Silver, eds. (New York: John Wiley and Sons,
specific comparisons between the OS condition with one odor/scan Inc.), pp. 233±250.
versus four odors/scan were conducted with ROI analysis. The five Dade, L.A., Jones-Gotman, M., Zatorre, R.J., and Evans, A.C. (1998).
clusters obtained in the contrast between OS with one odor/scan Human brain function during odor encoding and recognition. A PET
versus AS, as well as the five clusters in the contrast between OS activation study. Ann. NY Acad. Sci. 30, 572±574.
with multiple odors/scan versus the corresponding AS, were here
DahlstruÈ m, A., and Fuxe, K. (1964). Evidence for the existence ofused as separate ROIs. The mean normalized rCBF was then calcu-
monoamine containing neurons in the central nervous system. I.lated in each of these ten ROIs during each separate OS scan. The
Demonstration of the monoamines in the cell bodies of brain stemonly significant difference (multiple unpaired t tests, p , 0.005 after
neurons. Acta Physiol. Scand. 62 (suppl.), 1±55.Bonferroni correction for the ten comparisons) between one odor/
Duvernoy, H. (1991). The human brain (New York: Springer-Verlag).scan OS and several odor/scan OS was observed in the left insular
cortex, in which the values were higher during the OS condition with Eichenbaum, H., Morton, T.H., Potter, H., and Corkin, S. (1983).
Selective olfactory deficits in case H. M. Brain 106, 459±472.multiple odors/scan (p 5 0.004).
Finally, we applied ROI analysis also to evaluate whether the Felleman, D.J., and van Essen, D.C. (1991). Distributed hierarchical
difference in odor load between OM and OS could have contributed processing in the primate cerebral cortex. Cerebr. Cortex 1, 1±47.
to the observed large activations of piriform and orbitofrontal corti- Friston, K.J. (1995). Commentary and opinion: II. Statistical paramet-
ces in the OM versus OS contrast (Figure 2D). Using the ROIs from ric mapping: ontology and current issues. J. Cereb. Blood Flow
the OM versus AS contrast showed that rCBF in these regions during Metab. 15, 361±370.
the OS scans with multiple odors was not different from rCBF in the
Friston, K.J., Holmes, A., Poline, J.-B., Price, C.J., and Frith, C.D.corresponding AS scans (p 5 0.8 and p 5 0.1 for the respective
(1996). Detecting activations in PET and fMRI: levels of inferenceROI, paired t test, significance level p , 0.05). Thus, it was not
and power. Neuroimage 4, 223±235.sufficient to just smell several odors to activate these particular
Haberley, L.O. (1985). Neuronal circuitry in olfactory cortex: anatomyregionsÐthe observed activations by OM were related to the pro-
and functional implications. Chem. Senses 10, 219±238.cess of recognition memory and not to a higher odor load compared
to OS. Holthaus, L. (1978). A table for calculation of d and b. Psychol. Bull.
77, 375±376.
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